Although more than 20,000 papers concerning monoamine oxidase (MAO) have been reported in PubMed since the 1950s, over 300 papers are still being published every year on this topic. This indicates the importance of MAO, which was discovered by Mary Hare-Bernheim in 1928.
1
Two isoforms of MAO have been identified based on the selectivity to their substrates and inhibitors; they are called MAOA and MAOB. While the former shows a high affinity for serotonin and norepinephrine, the latter has a high affinity for β-phenylethylamine. Likewise, MAOA is selectively inhibited by clorgyline and MAOB by selegiline.
2
MAOA and MAOB are encoded from different genes that are located in the human X chromosome. 3 They are activated by different transcription factors; 4 thus, the expressions of the two proteins are localized: the ratio of MAOA to MAOB is 1:3 in the human brain, 1:1 in the liver, and 4:1 in the intestine. 5, 6 MAO acts on monoamines, but it does not metabolize diamines. It metabolizes monoamine to aldehyde, which is then oxidized to carboxylic acid by aldehyde dehydrogenase. During this oxidation, MAO requires flavin adenine dinucleotide (FAD), which becomes FADH 2 . The oxidation of FADH 2 is achieved by the production of hydrogen peroxide from oxygen and protons. Consequently, catabolism of MAO produces hydrogen peroxide. Especially, MAOA oxidizes and degrades serotonin which modulates neuropsychiatric function and dysfunction. 7, 8 In addition, MAOA has effects on several psychiatric conditions such as anxiety, mood, and impulsivity, and is implicated in several psychiatric illnesses and elevated in depressive disorder.
9,10
Therefore, MAOA could be a potent drug target for depression. MAOA inhibitors prevent the breakdown of serotonin as well as norepinephrine and dopamine, and MAOA knockout mice showed reduced immobility, acoustic startle, and perception of external stress, so that they can be used for the treatment of depression.
11-14
MAOA inhibitors (MAOAIs) have been used as antidepressants for over forty years. Iproniazid was introduced in 1957, but it was withdrawn because of hepatotoxicity.
15
Tranylcypromine was developed in the mid-1960s, withdrawn from the market because of problems related to hypertension, then reintroduced for limited usage. 16 Many MAOAIs have been developed and used for treating atypical depression after the failure of other classes of antidepressant drugs such as selective serotonin reuptake inhibitors and tricyclic antidepressants.
6 While iproniazid and tranylcypromine were nonselective MAOAIs, a selective MAOAI, clorgyline, was introduced in the latter half of the 1960s. Recently, more selective and safe MAOAIs, namely moclobemide, toloxatone, and tetrindol, were launched. 17, 18 However, their side effects and activities need further improvement. Therefore, we have made efforts to discover new MAOAIs.
The three-dimensional (3D) structure of human MAOB was determined in 2002 and that of human MAOA in 2005. 19, 20 While human MAOB has a dimeric structure, human MAOA is monomeric. The 3D structure of rat MAOA is dimeric. Because the 3D structure of human MAOA is known, structure-based drug design is possible. Therefore, we selected compounds from a chemical library that showed high binding affinity to human MAOA by in silico docking. Based on their structural features, we designed compounds, performed in silico docking, and synthesized them. Their inhibitory effects on MAOA were tested using high-performance liquid chromatography (HPLC). We report here a potent MAOA inhibitor.
Two structures of MAOA were found in a protein data bank. 2BXS.pdb was determined at 3.1 Å resolution and 2Z5X.pdb at 2.2 Å resolution; we used 2Z5X.pdb for our in silico docking experiments. 20, 21 The apo-protein without substrates was subjected to energy minimization on an Intel Core 2 Quad Q6600 (2.4 GHz) Linux PC with Sybyl 7.3 software (Tripos, St. Louis, MO).
The chemical library provided by ChemDiv (San Diego, CA) was used for in silico docking. The DC04_100000 library was selected, which includes compounds coded as C260-2636 and D223-0320 where 100,000 druggable compounds are contained. The library contains only two dimensional (2D) structures; thus, all the compounds were converted into their 3D structures using the 3D-converter module of the Sybyl program. Energy minimization was run over 1,000 iterations. The final structures from the in silico docking experiments were saved as sdf files.
All the compounds obtained above were docked into MAOA using the FlexX Single Receptor Module in Sybyl. Tyr69, Asn181, Phe208, Val210, Gln215, Cys323, Ile325, Ile335, Leu337, Phe352, Tyr407, and Tyr444 were assigned as the binding sites for docking. The selection radius was 6.5 Because MAOA (2Z5X.pdb) contains harmine as an inhibitor, harmine was docked into apo-protein MAOA obtained from energy minimization using the FlexX Single Receptor Module. The residues surrounding harmine were analyzed using LigPlot provided by the European Bioinformatics Institute. 22 Harmine docked well into the apoprotein. Nine residues had hydrophobic interactions with harmine: Ile180, Asn181, Phe208, Gln215, Ile335, Leu337, Phe352, Tyr407, and Tyr444. Most of the residues (except Tyr69, Ile325, Ile335) agreed with those previously reported (Supporting information Figs. S1a and S1b). 20, 21 This indicated that our in silico docking system was working well. Among the compounds docked into MAOA from the chemical library, those 30 compounds that showed the best docking scores were selected for further study (Supporting information Fig. S2 ). Their docking scores ranged between -42.9 and -37.4 kcal/mol, where a more negative docking score indicated higher affinity. All 30 compounds selected from the chemical library have common features: all compounds contain at least more than two aromatic rings, and rings containing nitrogen are involved, as marked as bold lines in Figure S2 , and especially, phenylpyrazole moiety is found in several compounds such as C548-2263, D086-0417, C791-0992, D039-0063, C794-0509, D086-0478, D003-0050, D003-1075, D086-0420, and C270-0359. Therefore, we tried to design the compounds containing aromatic rings or phenylpyrazole moiety. To avoid toxicity problem, the compounds were derived from natural products. Among various natural products, polyphenols consist of aromatic rings. Fortunately, polyphenols such as isoflavone, flavone, and coumarin in particular have behavior as MAOA inhibitors.
23-25 However, above polyphenols are famous compounds showing various biological activities, so that we started designing with benzoflavanone because it was not known well. Flavanone is composed of C6-C3-C6 three ring skeleton. Benzoflavanone has naphthalene instead of the first C6 ring. Fig. 1 ) was designed and prepared for this experiment. To obtain compounds satisfying another common feature, phenylpyrazole moiety, C3 ring of benzoflavanone was replaced with pyrazole group. As a result, 2-(5-(3,5-dimethoxyphenyl)-4,5-dihydro-1H-pyrazol-3-yl)naphthalen-1-ol (DK264, Fig. 1 ) was prepared. In addition to this compound, another compound with chlorophenyl group found in C289-0373 and C800-0715, two of 30 compounds selected from the chemical library, 1-(1-(4-chlorophenyl)-5-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-3-yl)naphthalen-2-ol (DK96, Fig. 1 ), was prepared.
In order to conform whether the compounds designed here bind to MAOA in silico, they were docked into apo-protein MAOA using the Harmine and the three compounds docked into MAOA were analyzed using LigPlot software. Four more residues, Gly67, Tyr69, Met350, and Gly443, were observed in the complex of DK382 with MAOA (Supporting information Fig. S4(a) ). The Tyr69 residue disappeared in the complex of MAOA with harmine but it was shown in the complex with DK382. While 26 hydrophobic interactions between harmine and MAOA were observed, 31 hydrophobic interactions were observed with DK382. Eight residues matched between harmine and DK264, and one hydrogen bond (H-bond) was observed between Tyr69 and DK264 (Supporting information Fig. S4(b) ). Because LigPlot was run under the same conditions, the H-bond observed in DK264 implied a difference in the surrounding residues even though DK264 docked well into MAOA. In addition, four more residues, Gly66, Gly67, Ala68, and Gly443, had hydrophobic interactions with DK264. From the Ligplot analysis for DK96, only one residue, Phe208, in the complex of DK96 with MAOA was the same as that with harmine (Supporting information Fig.  S4(c) ). Two residues, Ser94 and Val210, displayed H-bonds. Although LigPlot analysis demonstrated that DK96 docked well into MAOA, it was clear that its binding condition was different than that for harmine. In silico experiments with the three compounds designed using the chemical library indicated good binding into MAOA. Based on their binding conditions, DK382 was expected to be the best inhibitor.
Because MAOA metabolizes monoamines, the catecholamine releasing agent tyramine (4-hydroxyphenethylamine) was selected to test the activity of MAOA. 26 It was analyzed using HPLC (Agilent 1100 series, Santa Clara, CA). The HPLC retention times of tyramine and 2-(4-hydroxyphenyl)-acetic acid (HPA) were 3.1 and 16.2 min, respectively (Sup- Figure 1 . Structures of compounds designed from in silico docking. . S6 ). The inhibitory effect of the test compound was determined based on the ratio of the peak area of HPA as a reactant for the enzyme MAOA over that of tyramine as a product (Supporting information data 2). In the reaction of tyramine with MAOA, the ratio of two peak areas in the chromatogram was 2.29.
Clorgyline is known as an MAOA inhibitor. 27 It was purchased from Sigma-Aldrich Co. LLC. Its reaction solution was prepared as for tyramine. When clorgyline and tyramine were added to MAOA, the HPA peak diminished in the chromatogram (Supporting information Fig. S7a ). The peak area ratio was 0.44 because little HPA was produced by the inhibitor, clorgyline (Supporting information data 3). The ratio of the peak area of HPA over that of tyramine in the chromatogram was 2.28 (Supporting information Fig.  S7b ). Each experiment was performed in triplicate.
The three compounds designed through in silico experiments as candidates to inhibit MAOA were synthesized and they were evaluated in the same manner as clorgyline for their reaction with MAOA. The ratios observed in the chromatograms for DK382, DK264, and DK96 were 0.37, 2.23, and 1.82, respectively (Supporting information Figs. S8a, S8b, and S8c). In the reaction condition without any inhibitors where the enzyme and tyramine were provided at the concentrations of 300 μg/mL and 100 μg/mL, respectively, the ratio of the HPLC area of HPA over that of tyramine was 2.29 which can be expressed by 0% inhibitory effect. Then, the inhibitory effect by clorgyline is 80.8%, where it was provided at the concentration of 100 μg/mL. Likewise, the effects of DK382, DK264, and DK96 are 83.8%, 2.6%, and 20.5%, respectively (Supporting information Table 1 ). Therefore, the inhibitory effect of DK382 on MAOA (83.8%) is competitive to that of clorgyline (80.8%).
Binding between DK382 and MAOA is stronger than between harmine and MAOA, as shown in Figure 3 and Supporting information Figure S9 , respectively (Supporting information data 4).
In conclusion, even though the number of compounds tested here is not enough for evaluation, the current result demonstrates that phenylpyrazole moiety is not necessary for showing good inhibitory effects. Because benzoflavanones have not previously been reported to act on MAOA as inhibitors, [28] [29] [30] and the inhibitory effect of one of benzoflavones, 3-(4-methoxyphenyl)-2,3-dihydro-1H-benzo[ f ] chromen-1-one used in this study is comparable to that of clorgyline which is known as MAOA inhibitor, 31 our findings are meaningful.
Experimental Section
To determine whether the compounds evaluated by the in silico experiments would truly inhibit MAOA, the MAOA enzyme was prepared (Supporting information data 5), and DK382, DK264, and DK96 were synthesized (Supporting information Figure S10 ). Chemical identification of DK382, DK264, and DK96 was made using one-dimensional and two-dimensional nuclear magnetic resonance (NMR) spectroscopy (Bruker Avance 400, 9.4 Tesla, Karlsruhe, Germany). 
Notes
All mass spectra were collected on a high-resolution electron impact ionization mass spectrometer (HREIMS, JMS700, Jeol Ltd., Tokyo, Japan). The synthesis of DK264, DK96, and DK382, and their assignments of spectral data are summarized in Supporting information data 6.
